We present a study of the electronic structure and optical properties of Si 3 N 4 and Si 2 N 3 H in crystalline and amorphous phases by first-principles calculations. We find that besides structural disorder those matrix atoms with dangling and floating bonds contribute to energy levels close to the Fermi-level. From a comparative analysis of calculated optical spectra we conjure that the difference in optical properties between crystalline and amorphous silicon nitride -either hydrogenated or un-hydrogenated -is only small. It is present mainly in the energy range close to the fundamental band gap. At larger energies the difference is negligible. It is found that the structuring disorder in silicon nitrides investigated does not affect essentially the electronic structure and optical properties of these materials. It is concluded that such amorphous silicon 2 nitrides can be used instead of their crystalline counterparts for various applications in which optical properties of such materials are important.
Introduction
Silicon nitride has found a wide range of applications in different fields as structural (automobile engines parts, cutting tools, nuclear reactors) and electronic material (dielectric, Si based integrated circuits, optoelectronics). 1 In semiconductor electronics SiN x :H prepared by plasma-enhanced chemical vapour deposition is widely used. Interest to SiN x :H is because it is mechanically strong, provide excellent barrier against mobile ions and corrosion, it can contain large amount of H atoms, needed for passivation of bulk and surface defects, large fundamental band gap (>3 eV), and low extinction coefficient. 2, 3 To improve applicability of am-SiN x :H in electronics, however, a deeper understanding of its electronic structure and optical properties is needed both theoretically and experimentally. The scientific literature presents several theoretical and experimental studies of properties of crystalline (cr) and amorphous (am) phases of pure and defective, hydrogenated and non-hydrogenated silicon nitride materials (see Refs. 1, [4] [5] [6] [7] [8] [9] [10] ). Corelevel and valence band photoemission studies addressed the origin of the conduction band (CB) minimum and valence band (VB) maximum as well as the influence of H on these parts of the electronic structure 4 . Accordingly, N 2p states contribute most to the VB maximum of SiN x for fold coordinated N) bonds. Introducing H and O atoms into the structure, thus, lowering the average connectivity of the network, then reduces considerably the internal strain in amorphous silicon nitride. Their impact on the electronic structure and optical properties is also drastic.
Hydrogenation of a defect-rich disordered structure obviously reduces the concentration of band gap states through termination of dangling bonds. 8 Even small amount of H effects considerably the electronic structure and optical properties of silicon nitride. 5, 7 While these initial considerations were encouraging, the science around silicon nitride lacks a systematic analysis of influence of structural disorder and impact of hydrogen on the optical properties of silicon nitride. 
Methods

Computational details
The cr-and am-modifications of Si 3 N 4 and Si 2 N 3 H are schematically presented in Fig. 1 .
Structural data of cr-Si 3 N 4 (α-and β-Si 3 N 4 ) and cr-Si 2 N 3 H was taken from Refs. 19 and 20 , respectively (Table I) . Models of stoichiometric am-Si 3 N 4 and of hydrogenated am-SiN x :H were generated using the network approach together with subsequent ab initio molecular dynamics simulations. [5] [6] [7] The models of am-Si 3 N 4 and am-Si 2 N 3 H consist of 112 and 144 atoms, respectively.
The band-structure calculations have been performed using the Vienna ab initio simulation package (VASP), 21, 22 which calculates the Kohn-Sham eigenvalues in the framework of the DFT within the local density approximation (LDA). The exchange and correlation energy of electrons is described through the Perdew-Zunger parametrization 23 of the quantum Monte Carlo results of Ceperley-Alder. 24 We use the projector-augmented wave (PAW) method. 25, 26 Atomic cores are described by pseudopotentials as implemented in the VASP package. The application of the pseudopotentials allows us to construct orthonormalized allelectron-like wave functions for the Si-4s and -4p, N-2s and -2p, and H-1s valence electrons.
Spin-orbit coupling was not included in the present calculations.
Imaginary part of the dielectric function ( ) ω ε 2 was calculated by the DFT within LDA approximation. 27, 28 ( )
is the momentum operator, n f k is the Fermi distribution, and n k is the crystal wave function, corresponding to energy n k ε with momentum k . ( ) ( )
Here ( ) ( ) ( )
is the complex dielectric function. The optical spectra are calculated by DFT within LDA approximations for the energy range 0-14 eV.
Results and discussion
Bond length distribution
In Figure 2 we show the Si-N bond length distribution for the crystalline compounds α- and Si 2 N 3 H. 7, 18 We analyzed the bond coordination in detail for all the silicon nitride structures for distances lengths ≤ 2.0 Å (Table II) 
Density of states
Optical properties
The calculated optical spectra for the α- phases are hexagonal, the optical spectra of the electric field components perpendicular (E⊥c) and parallel (E||c) to the c-axes should both be analyzed. Our analysis showed that optical spectra of Si 3 N 4 between these two directions are almost the same in the energy ranges from 0-8 eV and 11.5-20 eV. So, optical spectra for the direction E⊥c have been analysed for all the structural modifications of silicon nitride considered in the present paper.
As noted above, the fundamental band gap has been underestimated because of the deficiency of the DFT. Consequently, the calculated optical spectra in and -Si 2 N 3 H can more easily be formed than their crystalline counterparts, they can be used instead of the crystalline one.
Analysis of Fig. 5 shows that the optical spectra of both cr-and am-Si 3 N 4 are shifted toward lower energies compared to those of cr-and am-Si 2 N 3 H. This result is consistent with the experimentally established result regarding the H induced widening of the fundamental band gap. 9 Although the band gap calculated by DFT has been underestimated and the optical spectra has been shifted to lower energies, they are in good agreement with those for SiN x prepared by SP and CVD techniques ( 
